The auditory brainstem response ͑ABR͒ was recorded in adult budgerigars ͑Melopsittacus undulatus͒ in response to clicks and tones. The typical budgerigar ABR waveform showed two prominent peaks occurring within 4 ms of the stimulus onset. As sound-pressure levels increased, ABR peak latency decreased, and peak amplitude increased for all waves while interwave interval remained relatively constant. While ABR thresholds were about 30 dB higher than behavioral thresholds, the shape of the budgerigar audiogram derived from the ABR closely paralleled that of the behavioral audiogram. Based on the ABR, budgerigars hear best between 1000 and 5700 Hz with best sensitivity at 2860 Hz-the frequency corresponding to the peak frequency in budgerigar vocalizations. The latency of ABR peaks increased and amplitude decreased with increasing repetition rate. This rate-dependent latency increase is greater for wave 2 as indicated by the latency increase in the interwave interval. Generally, changes in the ABR to stimulation intensity, frequency, and repetition rate are comparable to what has been found in other vertebrates.
I. INTRODUCTION
Much is known about hearing in birds from behavioral studies ͑see the recent review in Dooling et al., 2000͒ . In general, birds hear best between 1000 and 5000 Hz, with absolute sensitivity approaching 0-10 dB SPL in the frequency of best hearing, which is typically around 2000-3000 Hz ͑see the review in Dooling et al., 2000͒ . However, behavioral testing is not always possible in all birds ͑e.g., young birds or birds in the field͒. Over the last few decades, auditory brainstem responses ͑ABR͒ have been used as a tool for studying the functionality of the auditory system in a wide variety of mammals ͑e.g., Burkard et al., 1996a; Burkard and Voigt, 1989; Donaldson and Rubel, 1990; Jewett et al., 1970; McFadden et al., 1996; Mills et al., 1990; Liu and Mark, 2001͒ and in other nonmammalian vertebrates ͑e.g., Corwin et al., 1982; Kenyon et al., 1998; Higgs et al., 2002͒ . Overall, these studies show that brain stem responses are similar across most vertebrate classes ͑e.g., Corwin et al., 1982; Walsh et al., 1992͒. To date, ABR studies have only been conducted on a limited number of avian species. While complete reports on the effects of intensity and rate on latency and amplitude of the ABR waves or ABR-generated audiograms have been examined in depth in precocial birds ͑e.g., Dmitrieva and Gottlieb, 1992; Saunders et al., 1973͒ , much less in known about these measures in altricial birds ͑Aleksandrov and Moiseff et al., 1996; Woolley and Rubel, 1999; Wooley et al., 2001͒ . To this end, we examined the ABR as a measure of auditory sensitivity in the adult budgerigar. The budgerigar is a small, altricial Australian parrot that is the most widely studied parrot species in the field of acoustic communication ͑see the review in Farabaugh and Dooling, 1996; Heaton and Brauth, 1999; Hile and Striedter, 2000͒ . This study consisted of two experiments that focused on ABR responses elicited by clicks and tone-burst stimuli in adult budgerigars. The response characteristics examined in experiment 1 were ABR threshold and the effects of intensity on latency and amplitude of the ABR waveform. Experiment 2 examined the effects of presentation rate on wave latency and amplitude in adult budgerigars. These data served as a baseline for assessing the development of hearing in nestling budgerigars.
II. METHODS
Adult budgerigars ͑1-4 years of age͒ served as subjects in these experiments. The birds, bought through local pet stores or bred within our colony, were housed in an avian vivarium at the University of Maryland and kept on a photoperiod correlated with the season. They were given free access to food and water. All birds were sedated with an intramuscular injection of ketamine ͑50 mg/kg͒ and diazepam ͑2 mg/kg͒ prior to electrode placement. The animals remained relatively motionless for up to 75 min. Body temperature was maintained at 41Ϯ0.5°C with a heating pad and monitored with a thermistor probe placed under the wing ͑Frederick Haer and Co., model 40-90, Bowdoinham, ME͒. After data collection was completed, the bird was placed in a heated therapy unit and allowed to recover from sedation. Once the animal was fully revived and eating, it was returned to the vivarium. The Animal Care and Use Committee at the University of Maryland approved all animal use.
The bird was positioned so that the speaker ͑KEF SP 3235, model 60S, frequency range 100 Hz to 20 kHz, KEF Electronics of America, Inc., Holliston, MA͒ was 30 cm from the bird's right ear ͑90°azimuth relative to the bird's beak; 0°elevation relative to the bird's right ear͒. Standard platinum alloy, subdermal needle electrodes ͑Grass F-E2; West Warwick, RI͒ were placed just under the skin high at the vertex ͑active͒, directly behind the right ear canal ͑the ear ipsilateral to the speaker, reference͒, and behind the canal of the ear contralateral to stimulation ͑ground͒. Shielded electrode leads were twisted together to reduce electrical noise through common-mode rejection. The stimulus presentation, ABR acquisition, equipment control, and data management were coordinated using a Tucker-Davis Technologies ͑TDT, Gainesville, FL͒ modular rack-mount system controlled by an optical cable-linked 350-MHz Pentium PC containing a TDT AP2 digital signal process board and running TDT BIO-SIG software. Sound stimuli were generated using TDT SIGGEN software and fed through a DA1 digital-analog converter, a PA4 programmable attenuator, and a power amplifier ͑HB6͒ which directly drove the speaker. The electrodes were connected to the TDT HS4 Headstage that amplifies and digitizes the signal before being relayed over fiberoptic cables to the TDT DB4 digital biological amplifier. This amplifier allows additional filtering and gain to be added. A TDT TG6 timing generator synchronized the A/D and D/Aconversion.
Stimulus intensities were calibrated in the free field by placing the 1 2 -in. microphone of a sound-level meter ͑System 824; Larson Davis, Inc., Provo, UT͒ at the approximate position of the bird's right ear. Continuous tones were generated using the TDT BIOSIG program and measured using the fast-weighting A scale on the sound-level meter ͑dB SPL͒. To determine the intensity of the click, we used the peak equivalent SPL of the click. This was determined using an oscilloscope and noting the peak-to-peak voltage of the click. A test tone, e.g., a 1000-Hz tone, was played and adjusted until the peak-to-peak voltage was the same as it was for the click. The SPL required to match the amplitude of the click, as indicated by the sound-level meter, was the peak equivalent SPL ͑dB pSPL͒ of the click stimulus.
For all experiments, only the first two wave components, designated by sequential Arabic numerals, were described by their amplitude and latency characteristics ͑Fig. 1͒. Positive evoked potential peaks were identified manually by cursor control, and associated latencies and amplitudes were automatically stored by the computer. Latencies to wave 1 and wave 2 were corrected for conduction delays between the sound source and the entrance of the ear canal of the animal ͑0.88 ms͒. The latency of the interwave interval ͑referred to as 1-2 interval͒ was calculated as the difference in latency from wave 1 to wave 2. ABR wave amplitudes were measured using baseline-to-peak for wave 1 and peak-to-peak ͑preceding trough͒ amplitude for wave 2.
III. EXPERIMENT 1: EFFECTS OF INTENSITY AND FREQUENCY ON THE ABR OF BUDGERIGARS

A. Introduction
For all animals tested to date, increasing stimulus level resulted in decreases in ABR response latency and increases in response amplitude. Frequency-specific ABRs were generated using brief tones. Experiment 1 evaluates the budgerigar ABR across stimulus intensities to determine whether the intensity dependence of evoked potentials in budgerigars is similar to those found in other animals.
B. Stimuli
Ten adult budgerigars were presented with multiple intensity stimulus trains ͑e.g., Mitchell et al., 1996 that varied in frequency and intensity. Each train consisted of nine single clicks or frequency tone bursts that increased in intensity and were presented at a rate of 4/s. The rectangularpulse broadband clicks were 0.1 ms ͑100 s͒ in duration with 25-ms interstimulus interval ͑ISI͒. Each individual tone burst was 5 ms in duration ͑1-ms rise/fall COS 2 ͒ with a 20-ms ISI. The tone bursts used were 500, 1000, 1500, 2000, 2860, 4000, and 5700 Hz. The tone bursts were played through the speaker and sampled at 40 kHz into the A/D module of the TDT rack. Spectra were generated using 1024-pt fast Fourier transform ͑FFT͒. Spectral analysis shows all second and third harmonics were at least 30 dB down from the peak of the frequency of interest, except for the first harmonic of the 500-Hz stimulus, which was 18 dB down.
For frequencies below 2000 and above 2860 Hz, stimulus intensities began at 45-50 dB and increased in 5-dB steps to a maximum of 85-90 dB. Tone bursts of 2000 and 2860 Hz, as well as the click, were initially presented at 35-40 dB and increased in 5-dB steps to 65-75 dB; the remaining intensities were in 10-dB steps to a maximum of 85 dB. Each ABR represents the average response of 1000 stimulus presentations ͑500 averages for each polarity/phase were added together to cancel the cochlear microphonic͒, sampled at 20 kHz for 235 ms following onset of the stimulus ͑allows for 25-ms recording time for each stimulus͒. The biological signal was amplified ͑ϫ100 K͒ and notch filtered at 60 Hz with the DB4 digital biological amplifier during collection. The signal was bandpass filtered below 30 Hz and above 3000 Hz after collection using the BIOSIG program.
C. Analysis
ABR waveforms produced in response to high intensities were examined visually to determine which peaks would be used to measure latencies, amplitudes, and thresholds. A response was expected between 1 ms after the onset of the stimulus ͑travel time from speaker to the ear͒ and 10 ms because the response latency tends to increase at low SPLs. Using this time window, the wave components were described by their latency and amplitude characteristics.
ABR thresholds were estimated using several methods. First, thresholds were estimated using the visual detection method, i.e., the lowest intensity at which a response could be visually detected on the trace regardless of wave ͑Boet-tcher et al., 1993͒ or 5 dB below the lowest intensity that elicited a measurable response ͑Walsh et al., 1986͒. Second, a baseline-to-peak amplitude measure for wave 1 was taken for all intensities and stimuli ͑clicks and tone bursts͒. The amplitude-intensity functions generated from wave 1 amplitudes were used to estimate threshold ͑0-V response͒ using linear regression. Last, thresholds were defined as the lowest stimulus intensity producing a response amplitude of 0.5 V, which was at least 1 s.d. above the mean noise level ͑con-stant signal-to-noise ratio, S/N ratio of 0.5 V͒. The average level of noise in the ABR ͑the average amplitude difference between the largest peak and trough in the 2-4-ms range͒ was determined for 37 traces obtained to inaudible stimuli. The noise level of these recordings was 0.28 V ͑Ϯ0.16 V s.d.͒. Thresholds estimated from these methods were compared with each other ͑one-way analysis of variance, ANOVA͒ and to thresholds estimated using behavioral procedures.
D. Results
Figure 2 shows typical ABR waveforms for an adult budgerigar click and three frequencies ͑1000, 2860, and 4000 Hz͒ as a function of intensity. Visual examination of the waveforms showed 2-3 prominent peaks that occurred within the first 5 ms after sound reaches the bird's external ear canal. Two major changes were evident for all waves. As the intensity of stimulation increased, latencies decreased and amplitudes increased. Latency decreased monotonically as a function of increasing intensity for waves 1 and 2, while the interwave interval remained relatively constant across intensities ͑Fig. 3͒. There was not a consistent decrease in latency as frequency increased for constant SPL ͓Fig. 4͑a͔͒. The shortest latencies are for 2860 Hz, the region of best sensitivity in both the ABR and behavioral audiograms. When a constant ''sensation level'' of 15 dB ͑i.e., 15 dB above threshold͒ was used, higher frequencies resulted in shorter latencies ͓Fig. 4͑b͔͒. Interestingly, the latency to wave 1 at 500 Hz was more like that to higher-frequency tone bursts ͑2860 and 4000 Hz͒ than lower-frequency tone bursts ͑1000 and 1500 Hz͒. Given the spectral characteristics of the 500-Hz stimuli, only the second harmonic ͑1000 Hz͒ could influence the response, and it was 18 dB below the peak. All other harmonics were at least 30 dB down from the peak; therefore, harmonics at higher frequencies cannot account for this latency discrepancy. Figure 5 shows that the amplitude of waves 1 and 2 increased with increasing intensity. The slopes of the amplitude-intensity functions were frequency dependent, with clicks and midrange frequencies exhibiting steeper amplitude intensity functions than did low-or high-frequency tones. The highest average amplitudes were observed at frequencies in the budgerigar's range of best hearing ͑i.e., 2000-4000 Hz͒ and in response to the click stimulus. Amplitude increased monotonically for wave 1 across stimuli and did not show saturation at any SPL tested. Wave 2 amplitudes did not show a similar monotonic increase, but approached saturation at 500, 1000, 1500, and 5700 Hz.
The coefficient of variation ͑CV͒ was used to determine the relative amount of dispersion in ABR latency and amplitude measures across the adult budgerigars used in this study. Latency measures across subjects varied less than 10%, while amplitude measures varied between 40%-80% across subjects. Wave 2 amplitudes were more variable than wave 1 amplitudes ͑Fig. 6͒. Figure 7 shows a comparison of the average ABRderived audiogram based on the three ABR threshold methods and the behavioral audiogram for budgerigars. As shown in this figure, threshold estimates by various methods were relatively consistent for the click stimuli. But, threshold estimates for the tone pips varied by 10-13 dB across methods ͓F(2,258)ϭ13.18; pϽ0.001͔. The response criterion of 0.5 V yielded significantly higher thresholds for the tone bursts than either the linear regression (pϽ0.05) or visual detection method (pϽ0.05). However, the response criterion and the visual detection methods more accurately paralleled the shape of the behavioral audiogram. The results from the regression method differed most from the U-shaped audiogram at the low-frequency end ͑500-2000 Hz͒. In general, all methods yielded threshold estimates that were 30-35 dB above behavioral estimates of hearing sensitivity. 
IV. EXPERIMENT 2: THE RELATIONSHIP BETWEEN THE CM, CAP, AND ABR
A. Introduction
To date, there are no studies comparing the relationship between the cochlear microphonic ͑CM͒, compound action potential ͑CAP͒, and the ABR in the budgerigar. In this experiment, all three evoked potentials were recorded simultaneously and compared.
B. Stimuli
A single adult bird was presented with a multiple intensity stimulus train at 2860 Hz.
C. Analysis
The bird was anesthetized with IM injections of 20-mg/kg xylazine and 40-mg/kg ketamine. Additional doses of anesthetic ͑50% of initial dose͒ were supplemented as needed. The surgical procedures to gain access to the cochlea were described in detail for birds ͑Manley et al., 1985͒. Briefly, feathers were removed from the head and around the external ear opening. An incision in the skin along the midline of the skull exposed the bone and it was cleared of connective tissue and dried. A small screw was cemented on the surface of the skull with dental cement to allow precise and stable placement of the head in a holding device and reproducible positioning of the ear canal opening in relation to the speaker.
For the CM and CAP potentials, the base of the cochlea was exposed by a dorsolateral approach. The core of a thin, Teflon-coated silver wire was exposed at the end and inserted through a tiny hole in the scala tympani to give direct electrical access to the perilymph. The Teflon insulation sealed the hole and prevented leaking of the perilymph. A subdermal electrode inserted into a neighboring neck muscle served as a reference. The electrodes for the ABR were placed as described in Sec. II, except the bird was 40 cm from the speaker. The stimulus presentation, data acquisition, equipment control, and data management were coordinated using the TDT setup described above, except where noted. Each ABR represents the average response of 600 stimulus presentations ͑300 averages for each͒, sampled at 20 kHz for 235 ms following onset of the stimulus ͑allows for 25-ms recording time for each stimulus͒. The biological signal was amplified ͑ϫ20 K͒ and notch filtered at 60 Hz with the DB4 digital biological amplifier during collection. The signal was bandpass filtered below 30 Hz and above 3000 Hz after collection using the BIOSIG program.
The CAP response component was derived by adding the response traces obtained for the 90°and 270°stimuli ͑canceling the CM component͒ and scaling the resulting response amplitude by half. This derived neural response component was then subtracted from the response trace to the normal stimulus to derive the CM response. The ABR response component was derived by adding the two phases of the stimulus together ͑as in experiment 1͒.
D. Results
Simultaneous recording of CM, CAP, and ABR in response to a 2860-Hz tone played at 60 dB SPL for a single budgerigar are shown in Fig. 8 . The onset of the CM occurs first ͑2.35 ms͒ and lasts the length of the stimulus. The first negative wave of the CAP occurs 1.55 ms after the onset of the CM and is followed closely ͑0.3 ms later͒ by the first positive deflection of the ABR. This comparison strongly suggests that wave 1 of the ABR is the auditory nerve. 
V. EXPERIMENT 3: EFFECTS OF CLICK REPETITION RATE ON THE ABR OF BUDGERIGARS
A. Introduction
Studies of the ABR in humans and other mammals showed that higher click repetition rates caused increases in peak latency, decreases in peak amplitude, and alterations of wave morphology ͑e.g., Burkard and Voigt, 1989; Donaldson and Rubel, 1990; Jewett and Romano, 1972 ; and as reviewed in Hall, 1992͒. These changes may be a function of neural fatigue and adaptation ͑Hall, 1992͒. Knowing the baseline response of ABR latency and amplitudes to increasing presentation rate may allow investigators to use increased stimulation rate as a tool for detecting auditory neuropathologies.
The changes associated with increased presentation rate have been well studied in mammals. With the exception of the chick ͑Burkard et al., 1994͒, few data exist for birds. However, like mammals, the chick shows similar ratedependent changes. Experiment 2 extends the effects of click repetition rate on ABR latency and amplitude to the budgerigar.
The same ten birds were used in this experiment. All equipment and procedures were the same as in experiment 1, except where noted below.
B. Stimuli
Click level was held constant at 100 dB pSPL. Short duration, broadband clicks ͑0.1 ms͒ were presented at five rates: 5, 10, 30, 60, and 90 per second ͑Hz͒. Each ABR represents the average response of 1000 stimulus presentations ͑500 averages for each polarity were added together to cancel the cochlear microphonic͒, sampled at 20 kHz for 10 ms following onset of the stimulus. As with experiment 1, the biological signal was amplified ͑ϫ100 K͒ and notch filtered at 60 Hz with the DB4 digital biological amplifier during collection. The signal was bandpass filtered below 30 Hz and above 3000 Hz after collection using the BIOSIG program.
C. Analysis
Latency and amplitude measures were calculated for waves 1 and 2 for all repetition rates as described earlier. As a further comparison of the effects of increasing rate on the amplitude of the waves, the ratio of wave 1 to wave 2 was calculated. Figure 9 shows a budgerigar's ABR waveforms to all click rates used in this study. As click repetition rate increased, latency increased and amplitude decreased to all waves. The waves also broadened, especially at rates higher than 10 Hz. Figures 10͑a͒-͑c͒ show that with increasing repetition rate, the average latency to individual ABR waves increased. The latency of wave 1, wave 2, and the 1-2 interval were evaluated with a two-way ANOVA. Table I summarizes the results. Overall, as the repetition rate increased from 5 to 90 Hz, latency increased for wave 1 and wave 2 with a greater increase for wave 2, as shown by the increase in the wave 1-2 interval ͓Fig. 10͑c͔͒. Pairwise comparisons using Student's t tests showed that latencies to waves 1 and 2 for repetition rates 30 Hz and above were significantly longer than for lower rates ͑10 Hz and below͒. The 1-2 interval increased significantly for repetition rates above 30 Hz.
D. Results
The effects of increasing repetition rate from 5 to 90 Hz on amplitude are summarized in Figs. 10͑d͒-͑f͒. Absolute amplitude decreased dramatically for both waves. The mean wave 1 to 2 amplitude ratio ͓Fig. 10͑f͔͒ shows that the amplitude of wave 1 was larger than the amplitude of wave 2, resulting in mean amplitude ratios greater than 1, but these ratios remained relatively constant across repetition rate. The amplitude of wave 1, wave 2, and the amplitude ratio of wave 1 to 2 were evaluated with a two-way ANOVA, and the results are summarized in Table I . Pairwise comparisons using Student's t tests showed that amplitudes of waves 1 and 2 were significantly larger for lower repetition rates ͑10 Hz and below͒ than for higher rates ͑30 Hz and above͒. The ratio of wave 1 to wave 2 amplitudes increased slightly, but this increase was not significant (pϾ0.05), suggesting that both waves were equally affected by increasing presentation rate. 
VI. DISCUSSION
A. Surface ABRs as an approach to the measurement of hearing in birds
The main purpose of this experiment was to measure hearing sensitivity in an adult bird using the ABR. Previous ABR studies have shown that while frequency-dependent ABRs are good predictors of audiogram shape, they are not necessarily predictive of absolute auditory sensitivity ͑e.g., Borg and Engström, 1983; Stapells and Oates, 1997; Wenstrup, 1984͒ . ABR audiograms generated for the budgerigar were similar in shape to behavioral audiograms, showing a similar range of best hearing and a peak sensitivity at 2860 Hz ͑see the review in Dooling et al., 2000͒ . While the ABR audiogram was 30 dB less sensitive than the behavioral audiogram, much of this difference can be attributed to auditory temporal integration ͑Dooling et al., 2000͒. Latencies for all waves increased as rate increased, with greater increases seen in later waves ͑increase in interval͒. Average amplitude of wave 1 ͑D͒, wave 2 ͑E͒, and the ratio of wave 1 to 2 ͑F͒ plotted as a function of repetition rate for ten adult budgerigars. Amplitudes of all waves decreased as a function of increased rate. This decrease was similar for both waves 1 and 2. Error bars are standard deviations. than it is in birds. Also, in absolute terms, the signal may be improved because the absolute number of fibers is higher in mammals ͑e.g., cats 50 000, Gacek and Rasmussen, 1961 ; see the review in Ryugo, 1992͒ than in birds ͑e.g., budgerigar 9800, Manley et al., 1993͒ .
B. Effects of intensity on latency and amplitude for clicks and tone bursts
Typically, our budgerigar ABR waveform showed two measurable peaks that occurred within the first 4 ms after stimulation. This is similar to what was seen by Umemoto et al. ͑1993͒ . A third peak was evident in some but not all traces, and was not examined further. In general, latency increased with decreasing SPL, and these increases occurred at the same rate for waves 1 and 2, such that the interwave interval remained constant across SPL. Similar results have been found in mammals ͑e.g., Burkard and Voigt, 1989; Burkard et al., 1996a; Huang and Buchwald, 1978͒ . There was not a consistent dependency of latency on frequency at constant SPL levels for budgerigars as has been shown in other studies ͑e.g., Gorga et al., 1988͒. In fact, latencies were shortest for 2860 Hz, which is where the behavioral audiogram shows its most sensitive point and where most of the spectral energy of the budgerigar contact call is located. The amplitude of all peaks also decreased with decreasing SPL, but not at the same rate for wave 1 and 2. Overall, amplitude measures are more variable across subjects ͑relative dispersion between 40%-80%͒, while latency measures show little variation ͑less than 10%͒ across subjects ͑see Fig. 6͒ . This is a typical finding in ABR studies.
There are no anatomical data to indicate why the largest amplitudes and shortest latencies were reported for the click and frequencies between 2000 and 4000 Hz, the region of greatest sensitivity in the budgerigar's audiogram. The basilar papilla contains about 5400 hair cells and is innervated by an estimated 9800 fibers ͑Manley et al., 1993͒. Morphological features of the budgerigar papilla, such as hair-cell dimension, change gradually along the length and width, which does not provide an obvious basis for a dramatic change in function along the papilla. Likewise, the bases for other known psychophysical specializations ͑such as increased sensitivity at 2860 Hz in the critical ratio; Dooling et al., 2000͒ are also not evident at the level of the hair cells.
As of yet, there are no detailed reports of the innervation pattern or innervation density of hair cells of different regions in the budgerigar's basilar papilla as compared to other species. Köppl et al. ͑2000͒ note that the budgerigar's fiber number/hair-cell number ratio is similar to that of the barn owl and suggest looking for regional increases in cochlear innervation densities in this species.
C. Effects of click presentation rate on latency and amplitudes
With increasing click repetition rate, human, mammalian, and chick ABRs show increases in peak latencies and decreases in peak amplitudes ͑Burkard et al., 1994; Burkard and Voigt, 1989; Burkard et al., 1996a, b; Donaldson and Rubel, 1990; Lasky, 1997͒ . The same effect was observed in budgerigars ͑Fig. 9͒. The decrease in amplitude occurred at the same rate for both waves ͓Fig. 9͑f͔͒.
As rate increased, there was a greater latency change for wave 2, which resulted in increasing interwave intervals with increasing repetition rate ͓Fig. 9͑c͔͒. This has also been reported in humans ͑e.g., Burkard and Hecox, 1987͒, gerbils ͑Burkard and Voigt, 1989͒, cats ͑Burkard et al., 1996a͒, and chicks ͑Burkard et al., 1994͒ . For humans, as rate increased from 10 to 90 Hz there was a mean I-V interval increase of 0.31 ms, from 3.71 to 4.02 ms ͑Burkard and Hecox, 1987͒. For gerbils, there was a 0.244-ms increase from 15 to 90 Hz for the i-v interval ͑Burkard and Voigt, 1989͒ and a 0.3-ms increase in the i-iv interval as rate increased from 10 to 100 Hz in cats ͑Burkard et al., 1996a͒. As presentation rate increased from 10-90 Hz, the interval between wave 2 and 3 increased by approximately 0.10 ms in chicks and by 0.11 ms in budgerigars ͑from wave 1 to 2͒. As in other species tested, there was a greater latency change for later ABR peaks in the adult budgerigar. The constant ratio of amplitudes suggests that wave 1 and 2 were affected in the same way across the range of repetition rates used in the current experiment. Overall, these data suggest that the neural generators responsible for wave 1 and wave 2 in the ABR of budgerigars show similar rate-dependent ABR changes as mammals and other birds that have been tested ͑i.e., adaptation increases with increasing presentation rate, especially above 10 Hz͒.
D. Neural correlates of ABR waves in budgerigars
While, to our knowledge, there have been no studies of ABR generators in budgerigars, it is possible to suggest possible neural generators for waves 1 and 2 based on latency data from other animals ͑e.g., chickens and cats͒. Wave 1 in animals is consistently attributed to auditory nerve. Wave 1 latencies were 1.3-1.4 ms for 103-dB SPL clicks ͑presented at 3.3 Hz͒ in chickens ͑Katayama, 1985͒ and 1.65 ms for 90-dB SPL clicks ͑presented at 5 Hz͒ in cats ͑Burkard et al., 1996a͒. For the adult budgerigar, 100-dB SPL clicks presented at 5 Hz resulted in wave 1 latencies that are 1.6 -1.7 ms. These latencies for budgerigars are similar to what has FIG. 11 . ABR audiograms for several species of birds and mammals. All of the bird audiograms have similar shapes and thresholds. The bird audiograms are up to 30 dB higher than those of the mammals.
been found for chickens and cats. Experiment 2 in the current study showed that the first negative deflection of the CAP corresponded well to the first positive deflection of the ABR waveform suggesting that the generators are the same. Therefore, we suggest that wave 1 of the budgerigar ABR is generated by the auditory nerve.
The source of wave 2 is somewhat more difficult to identify. Visual inspection of the chicken waveform suggests that Katayama's N4 might correspond to budgerigar wave 2. Nucleus laminaris is the suggested generator of N4 ͑latency 2.2-2.4 ms͒, and N4 in chickens has been suggested as equivalent to the third peak in the ABR of most mammals ͑Katayama, 1985; Burkard et al., 1996a͒ . In budgerigars, wave 2 latencies are 3.2-3.3 ms for a 100-dB click. Based on similarities in latency across these studies, wave 2 in the budgerigar may be generated by nucleus laminaris.
VII. CONCLUSIONS
Audiograms based on scalp-recorded ABRs of adult budgerigars were similar in shape to behavioral audiograms ͑Fig. 7͒. As predicted from the lack of temporal integration in ABRs and the number of fibers needed for an ABR response, the ABR audiogram was less sensitive and underestimated behavioral thresholds by about 30 dB. However, the region of greatest sensitivity in the ABR audiogram was in the 2000-4000-Hz region, which matches the behavioral audiogram. This is also the region of peak energy in the adult contact calls ͑Dooling, 1986͒.
The effects of intensity on latency and amplitude of the ABR waves were similar to other animals studied to date. As intensity increased, latency to all waves decreased and amplitude increased. Analysis of the coefficient of variation showed that latency measures in this sample were more consistent than amplitude measures across subjects ͑Fig. 6͒. Last, increasing repetition rate in adult budgerigars resulted in longer latencies and decreased amplitudes. The latency changes were greater for wave 2 than for wave 1 ͑Fig. 10͒, indicating that generators of later waves are more affected by neural adaptation than wave 1. Wave amplitudes were equally affected by increasing presentation rate.
Overall, this study shows that the ABR is useful for assessing peripheral auditory system function and for estimating hearing thresholds in adult budgerigars. These procedures open the door to other investigations such as the recovery of hearing following hair-cell regeneration ͑Woolley and Rubel, 1999; Woolley et al., 2001͒ , the phase response of the basilar papilla ͑see for example, Dau et al., 2000͒ , and the development of hearing ͑Brittan-Powell, 2002͒. In fact, the noninvasive aspect of this procedure allowing repeated testing of the same individual makes it an ideal tool for assessing hearing during development. Hearing development using the ABR has been done in several mammals that are considered altricial, but not yet in altricial birds. Because budgerigars use auditory feedback to learn and modify their calls throughout life, knowing how the auditory system develops and what and when the animal hears provides insights into the role that hearing plays in the development of different types of vocalizations.
